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ABSTRACT

Bosch, J M. and Hewlett, J.D., 1982. A review of catchment experiments to determine
the effect of vegetation changes on water yield and evapotranspiration. J. Hydrol., 55:
3—-23.

This summary and review of 94 catchment experiments shows that accumulated in-
formation on the effect of vegetation changes on water yield can be used for practical
purposes. The direction of change in water yield following forest operations can be pre-
dicted with fair accuracy since no experiments, with the exception of perhaps one, have
resulted in reductions in water yield with reductions in cover, or increases in yield, with
increases in cover. The approximate magnitude of changes can also be estimated. Pine and
eucalypt forest types cause on average 40-mm change in water yield per 10% change in
cover and deciduous hardwood and scrub ~25 and 10mm, respectively. Maximum
changes of 660 mm were experienced at Coweeta, North Carolina. An assimilation of the
collective experimental results shows that more careful design and expansion of experi-
ments to certain rainfall regions would augment statistical inference.

INTRODUCTION

The influence of forests and forest clearfelling on water supplies have long
been a cause for concern and resulted in the initiation of the first catchment
experiment in 1909 at Wagon Wheel Gap in Colorado, U.S.A. The catchment
experiment has since been used worldwide as a method for determining the
effects of forest management practices on water yield. It has contributed
considerably to our understanding of the hydrologic cycle and the effects of
land use on it (Hewlett et al., 1969).

Hibbert (1967) reviewed results from 39 catchment experiments through-
out the world and made the following generalizations:
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‘1. Reduction of forest cover increases water yield.
2. Establishment of forest cover on sparsely vegetated land decreases water yield.
3. Response to treatment is highly variable and, for the most part, unpredictable.”

Despite the cautionary wording of the third generalization, Hibbert pre-
sented a diagram showing numerous increases from 25 to 400 mm following
clearcutting in forest, but virtually no decreases from any degree of cutting.
Hibbert’s summary has led to fairly general use of formulas for predicting
forest cover effects on water yield in local regions in the U.S.A. (e.g., McMinn
and Hewlett, 1975). The results of many more catchment experiments have
become available since Hibbert’s review. The purpose of this paper is to up-
date Hibbert’s review with the aim of exposing generalizations and trends
which may elicit more careful design of catchment experiments. Fifty-five
experiments were added for a total of 94.

SUMMARY

Table I contains a brief description of most of the world’s paired catch-
ment experiments, and Table II contains additional experiments which offer
circumstantial evidence of the influence of catchment management on water
yield.

Inference drawn from time-trend studies is weaker than that from paired-
catchment experiments simply because there is no climatic control (a cali-
bration period and a control basin) to use in separating vegetal cover effects
from climatic effects. For these reasons, we have classified the results of
catchment studies into a category of strong evidence (Table I), that is, studies
based on deliberate experiments on paired, nested, or grouped catchments,
and a category of circumstantial evidence (Table II) where studies were
based on after-the-fact analyses of existing data, or less vigorous experiments
on large basins.

The results from those experiments which were conducted with a control
are summarized in Fig. 1, which represents maximum increases in water yield
during the first five years following reduction of forest cover to some form
of low cover, coppice, grass or weeds. In afforestation experiments, maxi-
mum decreases in yield following afforestation of bare land, grassland or
brush have been taken as equivalent to first-year increases after clearcutting.
Mean increases are reported where first-year increases were not available in
the original reports.

The lines in Fig. 1 were fitted by means of the method of least squares.
Correlation coefficients were low (0.650, 0.506 and 0.340 for conifer, decid-
uous hardwood and scrub, respectively) and the lines should be regarded
with caution. They do illustrate distinct differences in the effect of changes
in different vegetation types, some trends in water-yield changes with per-
centage change in vegetation cover and the need for more experimental re-
sults of the effect of small-percentage changes.
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Fig. 1. Yield increases following changes in vegetation cover.
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Fig. 2. The number of catchment experiments carried out in different countries, various
rainfall ranges, within various broad categories of vegetation types.

Fig. 2 shows the number of experiments carried out under various classes
of mean annual precipitation (MAP) and vegetation categories.
DISCUSSION

In general, the analyses and experiments listed as circumstantial in Table
II, reinforce the following conclusions derived mainly from Table I; at least,
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no carefully analysed time trend or single basin study to date mitigates against
the general summary that follows.

Fig. 1 shows that the results summarized by Hibbert (1967) are little al-
tered by the addition of 55 experiments to the world’s store of information
on vegetal effects on water yield and evapotranspiration. Variation in results
is extreme but some general conclusions are justified. No experiments in de-
liberately reducing cover caused reductions in yield, nor have any deliberate
increases in cover caused increases in yield. The only results that partly con-
tradict this conclusion, is that of a study by Langford (1976) on the effect
of Eucalyptus regnans regrowth on water yield after a bush fire in Australia.
Langford concluded that there was no significant increase in water yield im-
mediately after a stand of Fucalyptus was burned down and reported reduc-
tions in streamflow from three to five years after the burn, when regrowth
was established.

This updating of Hibbert’s (1967) summary of catchment experiments re-
inforces his first two generalizations, but leaves us less inclined to support his
third, that water-yield response to afforestation and deforestation is unpre-
dictable. The question is: how well do we need to predict these changes?

The inference on this review is that coniferous forest, deciduous hardwood,
brush and grass cover have (in that order) a decreasing influence on water
yield of the source areas in which these covers are manipulated.

Coniferous and eucalypt cover types cause ~40 mm change in annual water
yield per 10% change in forest cover. Deciduous hardwoods are associated
with a 25-mm change in yield per 10% change in cover, while 10% changes
in brush or grass lands seem to result in ~10 mm change in annual yield.
Error limits cannot be set upon these coefficients, but the order and magni-
tude of the changes shown in Fig. 1 are clear and convincing.

Reductions in forest cover of less than 20%, an experiment seldom at-
tempted anyway, apparently cannot be detected by measuring streamflow,
that is, by what has been termed the “hydrometric method”. McMinn and
Hewlett (1975) have discussed this problem and suggested that logically the
effect of zero treatment must be zero and therefore we must carry forward
the assumption that ever smaller percentage reductions in forest cover will
produce effects approaching zero increases in expected water yield.

The review showed certain other trends which may account for some of
the variability in the results depicted in Fig. 1.

Streamflow response to deforestation or afforestation depend both on the
region’s MAP and on the precipitation for the year under treatment. Yield
changes, whether increases due to cutting or decreases due to planting, are
greatest in high-rainfall areas. The effect of clearcutting is, however, shorter-
lived than in low-rainfall areas due to rapid regrowth of vegetation. On the
other hand, the annual change due to treatment in high-rainfall areas seems
independent of the variation of rainfall from year to year. Fig. 3 shows the
distribution of water-yield changes after clearcutting of conifers and serub as
a function of annual precipitation. (Yield changes given in Table I were
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Fig. 3. The distribution of water yield changes after clearcutting of conifer and serub, as a
function of mean annual precipitation.

converted to represent changes after 100% cutting.) Some relationship exists,
which could be established and be meaningful only if results on more studies
in the 600—1200-mm zone for conifers and 700—2000-mm zone for scrub
can be obtained. Statistical inference from experimental results would require
a more even distribution over rainfall zones. Fig. 2 shows that experiments
on deciduous hardwoods are limited to regions of 900 mm and above. No
experiments on conifers were conducted in the 900—1200-mm range, and in
fact very few in the range 1200 mm and less. Experiments on scrub are
poorly represented in the region 900 mm and above. Forest will generally
not grow where MAP is less than 600 mm, therefore it is not surprising that
few experiments have been carried eut in such areas. But in many countries,
vast areas in this range are covered with scrub or sclerophyllous vegetation
which competes for the use of critical water resources and requires perhaps
more careful prediction of the effect of changes in cover. Forest growth has
also been shown to affect water yield substantially in the 600-1200-mm
MAP zones, so it is unfortunate that Fig. 2 shows few studies, especially of
conifers, in these regions.

Changes in water yield are more persistent in drier areas because of slow
recovery of vegetation, but seem definitely related to the precipitation during
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the specific year of treatment. Because of the great variability in precipitation
from year to year, additional years of calibration and treatment are needed
to measure the effect of wet vs. dry years on the expected changes in stream-
flow in dry areas. It is often in these areas that conflicts between source area
and downstream uses of water first develop and forest practice first comes
under criticism.

Decreases in water yield following afforestation seem to be proportional
to the growth rate of the stand while gains in water yield after clearfelling
diminish in proportion to the rate of recovery of the vegetation.

The highest annual change in water yield or any experimental catchment
caused by manipulation of the forest stands and types was 660 mm yr.”!,
reported from the experiment on Coweeta catchment 17, North Carolina,
U.S.A. This record effect is not an isolated phenomenon, however; other
cuttings and plantings have suggested change of similar magnitude in Oregon,
U.S.A., and South Africa.

A number of papers have expressed the view that yield increases following
partial cuttings are related to the location of such cuttings in respect to the
source area of streamflow.

The average size of the catchments used in experiments to determine the
effects of vegetal cover on water yield and evapotranspiration is ~80 ha,
ranging from 1 to 2500 ha. Depending on topography, climate and soils, a
catchment of 50—100 ha seems the most usual choice for an experiment in
which the input and output of water is to be balanced and conclusions are to
be drawn about the results of changes in vegetal cover. If the basin is too
small, errors from the failure of the subsurface water divides to match surface-
water divides can be substantial. As a consequence, water-yield changes per
unit area can be seriously distorted. On the other hand, as the catchment
becomes larger, it becomes increasingly difficult to control treatments, to
estimate precipitation, and to measure streamflow accurately. Since the cost
of a controlled experiment becomes excessive on large catchments, most
water-yield reports on large basins have been based on time-trend analyses,
often using existing data.

CONCLUSION

Accurate summary of, and inference from, catchment experiment results
are admittedly complicated by the variation in experimental conditions and
the different ways in which results are presented. It has, however, been
shown that catchment results are influenced by certain general trends which
could account for some of the variation. Careful design and selection of
experimental sites can augment statistical inference from results.

Probabilistic interpretation is possible if a sufficient humber of results are
available; however, statistical inference will remain difficult so long as treat-
ments cannot be described as drawn from an identifiable (definable) popu-
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lation of catchments and treatments. The design of catchment experiments
and the nature of inference drawn from them, has received all too little atten-
tion. For example, an International Guide for Research and Practice on
Representative and Experimental Basins, issued by U.N.E.S.C.O. (Toebes
and Ouryvaev, 1970), had virtually nothing to say about the nature of infer-
ence to be drawn from one or a series of experimental catchments, although
the management of basin networks, instrumentation, data processing and
analysis were exhaustively treated. Hewlett et al. (1969), Hewlett (1970)
and Hewlett and Pienaar (1973) have discussed the design and inference of
catchment experiments, but much remains to be done before these questions
can be settled.

While we hesitate to offer derived functions relating water-yield changes
to forestry practices in this paper, we do feel that the accumulated evidence
presented in Fig. 1 can be used for some practical purposes, such as esti-
mating for planning purposes the direction and approximate magnitude of
past and future changes in streamflow as a function of forestry operations.
This has, for example, been done by Swanson and Hillman (1977) for
Alberta, Canada. Also despite the lack of statistical rigour in the design and
analysis of catchment experiments on water yield, conclusions drawn from
them have been incorporated into simulators that purport to include the
effects of vegetal cover on yield, for example, the PROSPER model (Goldstein
et al., 1974), in the U.S.A. and the Pitman (1978) model in South Africa.

Conclusions from experimental data have also been used for models to
predict the effect of afforestation on water supplies, such as in South Africa
(Ndnni, 1970b).

Regardless of the problem of statistical inference from such a scattered set
of experimental catchments, some valuable information about vegetal effects
on water yield and evapotranspiration is available and ready for use in plan-
ning.

At least it may be reasonably argued that results from repeated experi-
ments are more convincing than conclusions based on computation from
evapotranspiration theory or on correlations between uncontrolled variables.
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